Introduction
============

Tooth development is a complex process that involves regulated and reciprocal interactions between the dental epithelium and the neural crest-derived mesenchyme ([@b1-etm-0-0-4980]). The tooth germ forms at the bud stage, undergoes folding morphogenesis and develops into the cap stage. During the bell stage, the tooth crown forms and in the late bell stage, the epithelial and mesenchymal cells differentiate into ameloblasts and odontoblasts to form the enamel and dentin ([@b2-etm-0-0-4980]). During tooth development, various biological molecules are involved in regulating cell differentiation and tooth morphogenesis ([@b3-etm-0-0-4980]--[@b6-etm-0-0-4980]), including bone morphogenetic proteins ([@b7-etm-0-0-4980]) and transforming growth factor ([@b8-etm-0-0-4980]), which have important roles in osteoblast differentiation and bone formation ([@b9-etm-0-0-4980]). However, the precise mechanism of tooth development remains to be fully elucidated and other molecules may be associated with this process.

Special AT-rich sequence binding protein 2 (SATB2) is a member of the special family of AT-rich binding transcription factors that has a pivotal role in craniofacial patterning and has been identified as a marker of osteogenic differentiation ([@b10-etm-0-0-4980],[@b11-etm-0-0-4980]). SATB2 binds to nuclear matrix-attachment regions (MARs) ([@b12-etm-0-0-4980]). Studies have shown that SATB2 may regulate bone sialoprotein (BSP) and osteocalcin (OCN) expression by enhancing the activity of runt-related transcription factor 2 (Runx2) and activating transcription factor 4, which activates Runx2-dependent osteoblast differentiation ([@b11-etm-0-0-4980],[@b13-etm-0-0-4980],[@b14-etm-0-0-4980]).

SATB2 is able to repress the expression of an inhibitor of bone formation and regulator of branchial arch patterning, homeobox a2 (Hoxa2), in osteoblasts, in a MAR-dependent manner ([@b15-etm-0-0-4980]). These findings suggest that SATB2 is associated with the regulation of BSP and OCN expression, and the repression of Hoxa2 expression to initiate osteoblast differentiation. Therefore, SATB2 may act as a transcriptional node that regulates the activity of transcriptional complexes and indirectly modulates the expression of genes that control osteoblast differentiation and maturation ([@b15-etm-0-0-4980]). Furthermore, SATB2 has been associated with craniofacial development and antagonizing bone formation ([@b10-etm-0-0-4980]). Therefore, it was hypothesized that SATB2 may have a potential role and interact in tooth development. The purpose of the present study was to investigate the expression and distribution of SATB2 during murine molar development, and in human healthy teeth and teeth with pulpitis using immunohistochemistry.

Materials and methods
=====================

### Preparation of tissue sections

All experiments were approved by the Ethics Committee of the First Affiliated Hospital of Harbin Medical University (Harbin, China) and informed written consent was provided from all patients involved in the present study. Embryos and postnatal mice were obtained by mating male and female Kunming mice (Nanjing Institute of Medicine and Biology, Nanjing, China). A total of 45 (male to female ratio, 1:2) 10-week-old Kunming mice (weight, 20--25 g) were housed at 4°C with 50% humidity in a 12-h light/dark cycle, and fed a standard rodent diet with free access to water. Embryonic day 0.5 (E0.5) was assigned at 12 pm on the day of the appearance of the vaginal plug, whereas 12 pm on the day of birth was regarded as postnatal day 0.5 (P0.5). A total of 3 pregnant mice from each time point (E13.5, E14.5, E16.5 and E18.5) and 3 postnatal mice from different mothers and periods (P1, P5 and P7) were sacrificed and the embryos were removed from the pregnant mice ([@b16-etm-0-0-4980]). The heads (E13.5 and E14.5) and mandibles (E16.5, E18.5, P1, P5 and P7) of mice were dissected, and fixed in buffered 4% paraformaldehyde for 24 h at 4°C. The mandibles (E18.5, P1, P5 and P7) were then decalcified in 10% EDTA/PBS solution for 24 h at room temperature.

A total of 20 fully developed and erupted third molars with closed apices were obtained from young adult patients (12 males and 8 females; age, 24.90±1.65 years), enrolled between July and September 2015, for whom routine extraction was scheduled. The teeth included 10 healthy teeth and 10 teeth with pulpitis from patients who had obvious symptoms of pulpitis. The teeth were immediately placed into 0.1 M PBS following extraction and washed three times. One third of the apical root was removed using diamond burs. Tooth samples were fixed with 4% paraformaldehyde in 0.1 M PBS for 48 h at 4°C, followed by demineralization for 6--9 weeks in 10% EDTA at room temperature.

All tissue samples obtained from mouse heads, mandibles and teeth were dehydrated through a graded alcohol series (100, 100, 95, 95, 80 and 70%), embedded in paraffin and sectioned (5 µm thickness) for histology and immunohistochemistry.

### Histology

The sample sections were deparaffinized in xylene, rehydrated through a gradient of ethanol solutions (100, 100, 95, 95, 80 and 70%), stained with hematoxylin and eosin at room temperature and observed under a light microscope at magnification, ×200 or ×40.

### Immunohistochemistry

Immunohistochemical analyses were performed using the Instant Streptavidin-biotin Complex (SABC) kit (cat. no. SA1030; Bioss, Beijing, China) according to the manufacturer\'s protocol. To suppress endogenous peroxidase activity, deparaffinized sections were treated with 100 µl 3% H~2~O~2~ at room temperature for 10 min. Sections were blocked in 5% normal goat serum for 1 h at room temperature and incubated with SATB2 primary antibodies (rabbit anti-mouse, cat. no. ab69995, diluted 1:100; Abcam, Cambridge, MA USA) overnight at 4°C. Incubation in PBS instead of primary antibodies served as the negative control. Sections were rinsed in PBS with Tween-20 (PBST) and incubated with biotinylated secondary antibodies (anti-rabbit IgG, cat. no. sc-2040, diluted 1:400; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 45 min at room temperature. Subsequently, sections were washed three times in PBST, incubated in SABC for 30 min at room temperature and stained with 100 µl 3,3′-diaminobenzidine solution (diluted 1:25) at room temperature for \~1 min until brown coloration was detected. Slides were rinsed with distilled water and then counterstained at room temperature with hematoxylin for 1 min and observed under a light microscope at magnification, ×200 or ×40.

Results
=======

Hematoxylin and eosin staining and immunostaining was used to determine the morphogenesis and structure of the first murine molars from E13.5-P7. The tooth germ underwent various development stages including the bud, cap and bell stages.

### Expression of SATB2 in developing stages of murine molar development

At the bud stage (E13.5), the dental lamina was thickened and invaginated into the underlying mesenchyme. SATB2 was expressed in tooth bud cells and the underlying mesenchyme ([Fig. 1A](#f1-etm-0-0-4980){ref-type="fig"}). During the cap stage (E14.5), the enamel organ appeared to have undergone further proliferation and differentiation. SATB2 expression was also detected in the enamel organ and mesenchyme ([Fig. 1B](#f1-etm-0-0-4980){ref-type="fig"}). At the early bell stage (E16.5), SATB2-positive staining was exhibited in the inner and outer enamel epithelium, and the stratum intermedium; however, no SATB2 expression was indicated in the stellate reticulum. Positive staining for SATB2 expression was also indicated in the enamel knot ([Fig. 1C](#f1-etm-0-0-4980){ref-type="fig"}). At the late bell stage (E18.5), positive immunostaining was observed in odontoblasts and dental papilla cells. The differentiating ameloblasts, stratum intermedium and inner enamel epithelium were all stained positively ([Fig. 1D](#f1-etm-0-0-4980){ref-type="fig"}).

The expression of SATB2 was determined in postnatal murine tooth germs at P1 and P5 ([Fig. 2](#f2-etm-0-0-4980){ref-type="fig"}). At P1 and P5, SATB2-positive staining was exhibited in the ameloblasts, and intense positive staining was observed in the odontoblasts and dental pulp cells ([Fig. 2A and C](#f2-etm-0-0-4980){ref-type="fig"}). Particularly in the odontoblasts, SATB2 expression was identified in nuclei, which were potently stained, whereas in the ameloblasts, SATB2 expression was indicated predominantly in the cytosol and partially in nuclei ([Fig. 2B and D](#f2-etm-0-0-4980){ref-type="fig"}). At P7, when mineralized tissue was gradually deposited, SATB2 expression was still detected in the ameloblasts and dental pulp cells ([Fig. 3A](#f3-etm-0-0-4980){ref-type="fig"}). Furthermore, basic completion of the crown morphogenesis was observed and early root development was indicated. On the pulpal side of root dentin, odontoblasts were lined in a row. SATB2 expression was still potently expressed in the odontoblasts in the crown and in the root ([Fig. 3B and C](#f3-etm-0-0-4980){ref-type="fig"}). Notably, SATB2-positive staining of odontoblasts in the root was more potent compared with that in the crown.

### SATB2 expression in the pulp-dentin complex of human healthy teeth and teeth with pulpitis

Hematoxylin-eosin staining revealed normal histological structures for the samples of 10 healthy teeth. A total of 10 teeth with pulpitis were histologically confirmed. Immunohistochemical results showed that SATB2 was primarily localized in the odontoblasts and dental pulp in healthy teeth ([Fig. 4A and B](#f4-etm-0-0-4980){ref-type="fig"}) and teeth with pulpitis ([Fig. 4C and D](#f4-etm-0-0-4980){ref-type="fig"}). However, the immunohistochemical staining was more potent in the odontoblasts of the root in teeth with pulpitis ([Fig. 4C and D](#f4-etm-0-0-4980){ref-type="fig"}) compared with healthy teeth ([Fig. 4A and B](#f4-etm-0-0-4980){ref-type="fig"}). In addition, in the odontoblasts of the teeth with pulpitis, the immunohistochemical staining was more potent in the root compared with the crown; conversely, the opposite was indicated in the healthy teeth. Furthermore, in the healthy teeth, SATB2 was identified in some blood vessels in the coronal pulp ([Fig. 4A](#f4-etm-0-0-4980){ref-type="fig"}), but not in any blood vessels in the pulp of the root ([Fig. 4B](#f4-etm-0-0-4980){ref-type="fig"}).

Discussion
==========

SATB2 is an important positive regulator in osteoblast differentiation, bone formation, and bone regeneration ([@b17-etm-0-0-4980],[@b18-etm-0-0-4980]). It has previously been demonstrated that SATB2 was able to repair and regenerate calvarial defects ([@b19-etm-0-0-4980]). In addition, SATB2 has also been reported to be expressed in the cortex of the brain, breast tissues, spinal cord, kidneys, umbilical cord, leukocytes and the central nervous system ([@b9-etm-0-0-4980],[@b17-etm-0-0-4980]), which suggests a distinct role of SATB2 in different tissues. To the best of our knowledge, the present study indicated for the first time the expression patterns of SATB2 during murine molar development from E13.5-P7 and in the pulp-dentin complex of human healthy teeth and teeth with pulpitis. The spatial and temporal expression of SATB2 indicated that SATB2 may have a role in tooth development and dentin formation.

At the bud and cap stages, SATB2 expression was detected in the whole enamel organ and underlying mesenchyme, which was consistent with a previous report that indicated SATB2 was expressed in the mesenchyme underlying the medial edge epithelia ([@b20-etm-0-0-4980]). The findings suggest that SATB2 may have a role in ensuring correct epithelial-mesenchymal interactions during the initiation stages of tooth development.

At the bell stage, intense SATB2-positive immunostaining was observed in odontoblasts and dental papilla cells, which suggested that SATB2 may participate in odontoblast differentiation and dentin formation.

During the postnatal day prior to tooth eruption, the expression of SATB2 in ameloblasts, odontoblasts and dental pulp cells indicated that SATB2 may have a role in the differentiation of ameloblasts and odontoblasts. Furthermore, when crown morphogenesis was completed and root development was initiated, the different expression levels of SATB2 in the odontoblasts between the root and the crown indicated that SATB2 was highly expressed in the region where odontoblast differentiation and dentin matrix mineralization occurred. Previous results have demonstrated that odontoblasts line the peripheral side of the dental pulp, produce the extracellular dentin matrix and are subsequently involved in the dentin mineralization process ([@b21-etm-0-0-4980],[@b22-etm-0-0-4980]). These findings suggested that SATB2 may not be essential once the mineralization process is completed, and also indicated that SATB2 may be involved in odontoblast differentiation and dentin formation.

In the present study, SATB2 immunoreactivity was detected in the odontoblasts and predentin, but not in the mineralized mature dentin of teeth. Previous results have indicated that SATB2 is associated with osteoblast differentiation and bone formation ([@b9-etm-0-0-4980],[@b13-etm-0-0-4980],[@b16-etm-0-0-4980]). Similarly, the expression pattern of SATB2 in the human pulp-dentin complex and the absence of SATB2 in mature dentin in the present study indicated that SATB2 may participate in the odontoblast differentiation and dentin matrix mineralization during dentin formation.

During tooth development, odontoblasts are responsible for primary dentinogenesis ([@b23-etm-0-0-4980]). When suffering from unfavorable external stimuli (such as abrasion, etching and caries), odontoblasts and newly formed odontoblast-like cells derived from dental pulp stem cells are responsible for restorative dentinogenesis ([@b24-etm-0-0-4980]). Similar to that in murine molar development, SATB2 expression was highly expressed in the region where odontoblast differentiation and dentin matrix mineralization occurred, including in the root of teeth with pulpitis. This further suggested that SATB2 has a role in odontoblast differentiation and dentin matrix mineralization in healthy teeth and teeth with pulpitis. Furthermore, the present study indicated that SATB2 was expressed in the blood vessels, which suggests that SATB2 may be associated with the regulation of dental pulp physiological functions.

Previous studies have demonstrated that SATB2 regulates the expression and function of two vital genes associated with osteoblast differentiation and bone formation, Runx2 and osterix (Osx), which have essential roles in bone and tooth development ([@b25-etm-0-0-4980]--[@b30-etm-0-0-4980]). Furthermore, a number of previous studies have indicated that SATB2 triggers Runx2 function, and interaction of SATB2 with Runx2 may be involved in the early stages of osteoblast differentiation ([@b9-etm-0-0-4980],[@b17-etm-0-0-4980],[@b31-etm-0-0-4980]). In addition, a previous study has also suggested that SATB2 is a downstream target of Osx ([@b32-etm-0-0-4980]). Zhao *et al* ([@b17-etm-0-0-4980]) indicated that SATB2 upregulated Osx expression in a Runx2-independent manner and also synergistically enhanced the effect of Runx2 on the Osx promoter. These findings imply that the expression and function of SATB2 in odontoblast differentiation and dentin formation may also be regulated by Runx2 and Osx, which suggests a potential molecular mechanism of SATB2 in tooth development.

In conclusion, to the best of our knowledge, the present study is the first to indicate that SATB2 exhibited a spatiotemporal expression pattern in murine molar development and that SATB2 is expressed in odontoblasts, predentin, dental pulp cells and blood vessels in human teeth. These findings suggest that SATB2 may have important roles in odontoblast differentiation and dentin matrix mineralization during tooth development. However, the role of SATB2 and its precise mechanism during human tooth development requires further investigation.
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![Immunostaining was used to detected the expression of SATB2 (brown coloration) in embryonic murine tooth germs at magnification, ×200. (A) At the bud stage (E13.5), the dental lamina was thickened and invaginated into the underlying mesenchyme. SATB2 was expressed in the tooth bud cells and the underlying mesenchyme. (B) During the cap stage (E14.5), the enamel organ underwent further proliferation and differentiation. SATB2 was also detected in the enamel organ and mesenchyme. (C) At the early bell stage (E16.5), SATB2 staining was positive in the inner and outer enamel epithelium and the stratum intermedium; however, no expression was indicated in the stellate reticulum. Positive staining for SATB2 was also identified in the enamel knot. (D) At the late bell stage (E18.5), positive immunostaining was observed in odontoblasts and dental papilla cells. The differentiating ameloblasts, stratum intermedium and inner enamel epithelium were all stained SATB2-positive. Scale bar, 20 µm. eo, enamel organ; me, mesenchyme; iee, inner enamel epithelium; oee, outer enamel epithelium; sr, stellate reticulum; dp, dental papilla; ek, enamel knot; si, stratum intermedium; ob, odontoblasts; SATB2, special AT-rich sequence binding protein 2; E, embryonic day.](etm-14-04-3507-g00){#f1-etm-0-0-4980}

![Immunostaining for SATB2 (brown coloration) in postnatal murine tooth germs at (A and B) P1 (magnification, ×40) and (C and D) P5 (magnification, ×200). At (A) P1 and (C) P5, positive staining was observed in the ameloblasts and intense SATB2-positive staining was present in the odontoblasts and dental pulp cells. (B and D) In the odontoblasts, marked SATB2 expression was detected in nuclei, whereas expression was predominantly in the cytosol and partially in nuclei in the ameloblasts. Scale bar, 20 µm. oee, outer enamel epithelium; sr, stellate reticulum; dp, dental pulp; si, stratum intermedium; ob, odontoblasts; ab ameloblasts, d dentin; SATB2, special AT-rich sequence binding protein 2; P, postnatal day.](etm-14-04-3507-g01){#f2-etm-0-0-4980}

![Immunostaining for SATB2 expression (brown coloration) in postnatal murine tooth germs at P7. (A) At P7, when the mineralized tissue was gradually deposited, SATB2 expression was still detected in the ameloblasts and dental pulp cells. Basic completion of crown morphogenesis was indicated and initial root development was observed. Magnification, ×40. (B and C) On the pulpal side of root dentin, odontoblasts were lined in a row. SATB2 was still strongly expressed in the odontoblasts in the crown and in the root. Notably, SATB2-positive staining of odontoblasts in the root was more potent compared with that in the crown. Magnification, ×200. Scale bar, 20 µm. ob, odontoblasts; ab, ameloblasts; e, enamel; d, dentin; SATB2, special AT-rich sequence binding protein 2; P, postnatal day.](etm-14-04-3507-g02){#f3-etm-0-0-4980}

![Immunostaining for SATB2 (brown coloration) in pulp-dentin complex of human healthy teeth and teeth with pulpitis at magnification ×40. SATB2 was primarily localized in the odontoblasts and dental pulp of (A) crown and (B) root of healthy teeth and (C) crown and (D) root of teeth with pulpitis. However, immunohistochemical staining was more potent in the odontoblasts of the root in teeth with (D) pulpitis compared with (B) healthy teeth. In the odontoblasts of the teeth with pulpitis, the immunohistochemical staining was more potent in (D) the root compared with (C) the crown; however, the opposite was observed in (A and B) the healthy tooth. (A) In the healthy teeth, SATB2 expression was indicated in several blood vessels in the coronal pulp, (B) but not in any blood vessels in the pulp of root. Scale bar, 20 µm. ob, odontoblasts; d, dentin; bv, blood vessels; SATB2, special AT-rich sequence binding protein 2.](etm-14-04-3507-g03){#f4-etm-0-0-4980}
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